Abstract -The effects of oxidation temperature on thermally oxidized GaN film were investigated. The GaN wafers were oxidzied at 750 DC, 800°C and 850°C respectively. The electrical characteristics and interface quality of MOS capacitors were compared among different oxidation temperatures. The sample oxidized at 800°C presented best current-voltage, capacitance-voltage characteristics and smoothest surface morphology, while the higher oxidation temperature of 850°C gave best interface quality. The electrical breakdown field was increased by one order of magnitude when the sample was oxidized at 800°C as compared with 750°C and 850 DC. Lastly, after the sample oxidized at 800°C was annealed at 850°C for 10 min, the quality of its oxide was significantly degraded.
I. INTRODUCTION
GaN is one kind of wide-bandgap III-V semiconductor materials and has many advantages such as high breakdown field and low thermal generation rate. Lots of researches for GaN have focused on light-emitting diodes (LEDs) [1] . On the other hand, it can also be suitable candidate for high-power and high-temperature electronic applications. A number of dielectrics such as SiO2 [2] , Ga2O3 (Gd2O3) [3] , Sc203 [4] , MgO [5] have been applied in GaN MIS devices. Ga2O3 thermally grown in dry oxygen achieved a low interface-state density at the level of 1010 cm2eV-' [6] and its breakdown field could reach 3 .85 MVcm-1 [7] .
Stability at high temperature is critical for GaN to be applied in high-temperature and high-power systems. It has been found that the low-temperature photoluminescence (PL) intensity increased after GaN samples were annealed at up to 700 0C, but degraded with inferior crystalline quality due to point defects and antisite defects when the annealing temperature was further increased to 900°C [8] . The sheet resistance of GaN dropped approximately 3 orders of magnitude after annealing up to 900°C, which should be due to N vacancies as confirmed by AES [9] . Moreover, the surface of GaN became pitted after RTA at 1000°C [9] . According to Groh. Et al., loss of nitrogen began at 710°C and significant loss happened when temperature was higher than 980°C [10] . SiO2 deposited on GaN by LPCVD was claimed to be degraded after NO or NH3 annealing at 1 100°C for 5 min [11] .
Dry oxidation at 900°C was found to form a rough surface morphology [12] , while wet oxidation at 800°C achieved better surface morphology but poorer electrical characteristic compared with dry oxidation [13] . In this work, we report on the effects of oxidation temperature ranging from 750°C to 850°C. The electrical characteristics, interface quality and surface morphology were compared among different oxidation temperatures.
II. EXPERIMENT
A layer of Si-doped n-type GaN with a doping level of5x 1017 cm-3 was grown by MOCVD on c-plane sapphire with a layer of un-doped GaN buffer layer. The wafer was cleaned in trichloroethylene, acetone and ethanol in an ultrasonic bath for 5 min respectively and rinsed in de-ionized water. Then the wafer was dipped into 1:10 NH40H solvent for 15 min at 50°C to remove the native oxide and contaminants. 300 nm SiO2 layer was deposited on the GaN surface by rf sputtering to work as mask for oxidation. The samples were loaded into a furnace at 300°C in argon ambient. After raise the temperature to 750°C
(sample denoted as 750) or 800°C (sample denoted as 800), a 12-h oxidation was carried out in dry oxygen ambient and followed by a 0.5-h annealing in argon at the same temperature. Also a 5-h oxidation was performed at a higher temperature of 850°C (sample denoted as 850). Another sample had oxidation at 800°C and was further annealed at a higher temperature of 850°C for 10 min (denoted as 800-850). It took about 5 min to raise the temperature from 800°C to 850°C and drop from 850°C to 800°C at a speed of 3°C/min. After removing the SiO2 mask, Al was evaporated to form the electrodes. Finally, the MOS capacitors were annealed at 450°C for 30 min in nitrogen ambient to get good contacts.
ILL. RESULTS AND DISCUSSIONS
About 240 nm, 220 nm, 100 nm oxide layers were formed after thermal oxidation at 850°C for 5 h, 800°C for 12 h and 750°C for 12 h respectively, which were confirmed by both cross-sectional SEM and high-frequency capacitance in accumulation region. Fig. 1 shows the measurement of oxide thickness after a 12-h oxidation at 800°C by SEM.
The high-frequency capacitance-voltage curves for different oxidation temperatures are shown in Fig. 2 (a-d) fewer slow traps in the oxides. The parameters extracted from the high-frequency C-V curves can be seen in Table I .
The oxide thickness T0x in Table I OAA,GaN =Z + Eg / 2 -(kT/q)ln(N, / n) (2) ,X is the electron affinity of GaN and antisite defects. Therefore, after the high-temperature processing at 850 oC, the current-voltage characteristic was degraded significantly (see Fig. 3 ). The sample oxidized at 800 'C and annealed at 850 oC has similar characteristic as the one with oxidation and annealing at 850°C, which should be due to the decomposition of GaN and oxide layer 500 nm at 850 'C. The sample with oxidation at 750 'C also (C) presents poor I-V characteristic, which is probably due to incomplete oxidation at low temperature and lack of crystallinity for annealing at 750 'C. The sample with oxidation at 800 'C presents much better current-voltage characteristic compared with the others. If the breakdown current density is defined as 3 mA/cm2, the breakdown field of the sample 800 is 1 MV/cm. Fig. 4 shows the surface morphology of the oxide layer formed at different temperatures. There are some dark lines on the surface of the original GaN sample (Fig.  4 (a) ), which can be threading dislocation due to the lattice mismatch and thermal conductivity mismatch between sapphire and GaN. The samples were oxidized faster around the regions of dislocation, thus forming rough oxide surface (Fig. 4 (b)-(e) ). The samples with oxidation at 800 'C and 750°C have surfaces smoother and denser than the one formed at 850°C. It can be seen that the 850 sample has larger granular structures than the 800 and 750 samples because of much faster oxidation rate at 850°C and decomposition of oxide layer to increase the roughness and defects of oxide layer, which agrees with its much poorer current-voltage characteristic. The 800-850 sample seems not to form as large granular structures as the 850 sample due to its lower oxidation temperature, but it presents poor electrical characteristic as well, which should be due to the decomposition of oxide during the annealing at 850°C. There are also some white droplets remained on the surfaces of the 850 and 800-850 samples, which could be associated with atoms diffusing out of the oxide. The surface of the 750 sample has rougher morphology than that of the 800 sample, which maybe due to incomplete oxidation and lack of crystallinity of the film.
The energy-dispersive X-ray analysis (EDX) results of the oxides are shown in Table II . The ratio of Ga to 0 is about 0.77 for the sample with oxidation at 850 'C without any annealing, which is close to the ratio of Ga2O3 (Ga:0=0.67). After the annealing at 850 'C for 0.5 h, oxygen loss happened and the ratio of Ga to 0 was increased to 1.28. For the other samples, nitrogen atoms were detected in the dielectric, which should be due to the incomplete oxidation at lower temperature. 
IV. CONCLUSION
In summary, the sample with oxidation at 800°C has best current-voltage, capacitance-voltage characteristics and surface morphology. However, the sample oxidized at higher temperature of 850°C presents better interface quality. More traps formed at the interface between GaN and the dielectric may be due to the incomplete oxidation at low temperature. The sample with oxidation at 800°C and annealing at 850°C has poor current-voltage characteristic and degraded performance like the one oxidized at 850°C, which should be due to the decomposition of oxide and GaN at this temperature.
